The crystal structures of the Sr1-xCaxRuO3 (0≤x≤1) perovskites are investigated using both long range and local structural probes. High resolution synchrotron powder X-ray diffraction characterization at ambient temperature shows that the materials are orthorhombic to high precision, and we support previous work showing that Ca 2+ substitution for Sr 2+ primarily changes the tilting of rigid corner-sharing RuO6 octahedra at their shared oxygen vertices. X-ray pair distribution function analysis for SrRuO3, CaRuO3 and one intermediate composition show them to be locally monoclinic, and no long range or local phase transitions are observed between 80 and 300 K for materials with intermediate compositions. High-resolution transmission electron microscopy shows that the Sr/Ca distribution is random at the nanoscale. We plot magnetic characteristics such as the ferromagnetic Tc, Curie-Weiss theta, effective moment, and ambient temperature susceptibility vs. the octahedral tilt and unit cell volume.
Introduction
The ruthenate perovskites, while of long interest, have attracted increased attention since the single layer material Sr2RuO4 was found to superconduct at 0.93 K [1] . This family is widely viewed as being an ideal system for investigating correlated materials [2] , [3] , [4] , [5] , [6] , [7] , with behavior that ranges from ferromagnetic SrRuO3 to paramagnetic CaRuO3 to superconducting Sr2RuO4. Calculations of the magnetic properties of SrRuO3 and CaRuO3 argue that the magnetism is governed by the electronic band structure and correlation between Hubbard and Hund's interactions [8] , [9] . There are many studies on ferromagnetic SrRuO3 in bulk and thin film form (see, e.g. [10] , [11] , [12] , [13] , [14] ).
For the Sr1-xCaxRuO3 perovskites, the reported orthorhombic symmetry unit cells are larger in volume than simple cubic perovskite cells due to the tilts of the RuO6 octahedra at their shared vertices. (a and c are square root of 2 larger than a simple cubic perovskite cell while b is double the simple cubic perovskite cell value). Although Ca and Sr are both divalent and thus the electron content of the system is unchanged in Sr1-xCaxRuO3, the difference in the resulting tilt angles between the rigid RuO6 octahedra due to the accommodation of different size Sr and Ca ions in the perovskite cavities is widely believed to be the structural feature that distinguishes ferromagnetic SrRuO3 from paramagnetic CaRuO3 [15] , [16] , [17] , [18] . Density Functional Theory calculations argue that the larger orthorhombic distortion for CaRuO3 compared to SrRuO3 suppresses the ferromagnetism [19] , [20] , [21] , [22] , [23] and CaRuO3 is claimed to be at a critical point between ferromagnetic and paramagnetic states [24] , [25] , [26] . Many experimental studies of the Sr1-xCaxRuO3 perovskite system have been reported [27] , [28] , [29] , [30] , [31] , [32] , [33] .
Here we present a high resolution synchrotron powder diffraction study of the long range crystal structures in the Sr1-xCaxRuO3 perovskite solid solution, a study of the local crystal structures by X-ray pair distribution function (PDF) analysis, and high resolution transmission electron microscopy (HRTEM) and scanning transmission electron microscopy (STEM) studies of selected members of the series, accompanied by the magnetic characterization of the materials.
The synchrotron diffraction study allows us to determine that the ambient temperature structures are orthorhombic to high precision, and the PDF studies show that the materials are locally monoclinically distorted. No structural phase transitions are observed for selected materials down to 80 K. The electron microscopy studies show that the solid solution is highly chemically homogeneous and also the presence of extended structural defects, which may be responsible for the double magnetic hysteresis loops observed for some compositions. The magnetic properties of the solid solution materials show highly systematic behavior and coupled with the structural characterization allow for a correlation of the fundamental magnetic and structural characteristics of the system with the crystal structures. All of the magnetic properties appear to scale simply with the perovskite tilt angles and the unit cell volume.
Experiment
High quality single-phase powder samples of Sr1-xCaxRuO3 (0 ≤ x ≤ 1) were synthesized by a solid-state method, using SrCO3, CaCO3 and RuO2 (Alfa Aesar > 99.95%) as starting materials. SrCO3 and CaCO3 were dried in an oven at 120 o C for 3 days before use. Stoichiometric ratios of the starting materials were mixed thoroughly in a mortar and pestle, transferred to alumina crucibles and heated in air at 1000 o C for 24 hours. The powders were reground and heated in air at 1100 o C, 1200 o C, 1300 o C and 1400 o C for 12 hours at each temperature. The phase purities were initially determined through laboratory powder X-ray diffraction using a Bruker D8 Advance Eco with Cu Kα radiation and a LynxEye-XE detector. Single-phase powder samples of the Sr1-xCaxRuO3 perovskites were then loaded into Kapton sample capillary tubes and synchrotron powder x-ray diffraction characterization was performed at beamline 11-BM at Argonne National Laboratory. The structural refinements were performed with GSAS [34] . The crystal structure drawings were created by using VESTA [35] .
Electron diffraction experiments were performed at Brookhaven National Laboratory using a double-Cs corrected JEOL ARM 200F transmission electron microscope (TEM; JEOL, Tokyo, Japan) equipped with multiple sample holders including a double-tilt holder and a Gatan liquid nitrogen sample cooling holder. TEM samples of Sr1-xCaxRuO3 (x = 0, 0.3, 0.5 and 1) were prepared directly from the powder material by grinding. Energy dispersive X-ray spectroscopy (EDX) was performed to examine the elemental distributions in different particles.
The X-ray PDF measurements were carried out at beamline 28-ID-1 at NSLS-II, at Brookhaven National Laboratory. The X-ray PDF data on 11 samples in the Sr1-xCaxRuO3 solid solution system were collected at room temperature with a 75 keV beam energy and analyzed by using the program PDFgui [36] . Scattering data were normalized to 0.5 second/frame. Temperature-dependent PDF studies for several samples were obtained on the same experimental apparatus.
The magnetic susceptibilities of Sr1-xCaxRuO3 powders were measured in a Quantum Design Dynacool PPMS equipped with a VSM option. The magnetic susceptibilities between 1.8 and 300 K, defined as M/H, where M is the sample magnetization and H is the applied field, were measured at the field of H = 1 kOe. The magnetization of the samples as a function of applied field µ0H from -9 to 9 Tesla was measured at a temperature of 2 K.
Results

The Long-range crystal structure
The high signal to noise ratio and high precision of the synchrotron diffraction measurements allow us to determine that all the perovskite samples were single phase within an estimated 1 part in 10 3 and that all the materials in the Sr1-xCaxRuO3 solid solution are orthorhombic to high precision at ambient temperature. All materials crystallize in the orthorhombic space group Pnma (No. 62), consistent with previous work [28] , [37] . As examples of the changes in the diffraction patterns observed in the solid solution, Figure 1 Figure 2 . Excellent fits are found to the Pnma orthorhombic perovskite structural model of the GdFeO3-type structure type, a perovskite with an a + bbtype tilt system [38] . The insets show a blow-up of the high angle diffraction region, and in specific show the quality of the orthorhombic structure fit at high angles. The lattice parameters, bond angles and bond lengths are listed in Table   1 for all studied members of the solid solution series. This general behavior is consistent with one earlier report [32] , although a different study [30] reported a slightly different trend of lattice parameters for samples synthesized at The coordination number of M 2+ (M=Ca/Sr) decreases from 9 to 8 on going from SrRuO3 to CaRuO3, consistent with the relative sizes of the ions. This is illustrated in Figure 5 , which also includes the equivalent views for the well-known perovskites SrTiO3 and CaTiO3. (The ideal cubic perovskite cavity has 12 equidistant oxygens in a cuboctahedron geometry for an A atom sitting in the center of the perovskite cavity, as is seen for example for SrTiO3 at 300 K.) We note that at equivalent cavity volumes, Figure 5 shows that the ruthenate perovskites are more distorted than (Figure 4b ). This crossover is in contrast to the behavior of the cavity volume, which is a smooth function of x (Figure 7b ). Finally, although it is widely understood that the "shrinkage" of perovskites in which the size of the A site ion decreases in radius is primarily due to the rigid twisting of the octahedra, this can be shown clearly in the current case through a plot of the fraction of total cavity volume, i.e. (total cavity volume of the cell)/(total cell volume), as a function of x, (Figure 7c ) which is very nearly a constant between (84.5 and 85%), though increasing slightly with increasing Ca content (x). This is a good indication that the RuO6 octahedra are essentially rigid in this case, while also reflecting that the A site cavity in perovskites occupy a relatively large part of the total cell volume.
As shown in
When preparing to connect the observed magnetic properties to the observed structural properties, we must first determine how the Ru-O network deviates from the ideal cubic perovskite crystal structure with composition in the solid solution. impacted by the positions of Ca and Sr in the neighboring cavities [31] , [32] . As seen in Figure 11 , the long range structures determined by synchrotron powder X-ray diffraction refinements of CaRuO3 and SrRuO3 agree well with the long-range structures determined by the X-ray PDF data.
The local structures show some deviations, however, shown in Figure 12 , where lower symmetry monoclinic models fit better than the orthorhombic structural models for distances below 5 Å.
These monoclinic structures arise from very small short range distortions ( Table 2) cooling experiments were performed on Sr0.7Ca0.3RuO3 and no structural phase transition was observed in the ED patterns obtained at 90 K (not shown). This is opposite to the case seen in the La0.23Ca0.77MnO3 manganite, which has a dynamic competition between charge-ordered and charge-disordered phases that causes structural phase separation [44] . Similar measurements on a Sr0.5Ca0.5RuO3 sample are also presented in Figure 14b . The presence of relatively large structural defects can be seen in the HRTEM image from Sr0.5Ca0.5RuO3, while the areas between the defects remain structurally and chemically homogeneous as shown in the HAADF-STEM image. Figure 15a shows the magnetic susceptibility for the Sr1-xCaxRuO3 perovskites as function of temperature from 1.8 to 300 K -the inverse susceptibility (minus the temperature independent contribution to the susceptibility) is shown in panel 15b and the raw susceptibility at 300 K is shown in panel 15c. The latter plot reveals that the susceptibility at high temperatures (i.e. 300 K) decreases systematically as the Ca content in the perovskite increases, i.e. that the material becomes less magnetic with increasing Ca content. The middle panel shows clearly that at high temperature, the magnetic susceptibility follows the Curie-Weiss law with the slopes of the lines, which are due to the value of the magnetic moment, displaying little variation with temperature.
Magnetic properties
The lower panel shows the variation of the total magnetic susceptibility at 300 K with composition.
The susceptibility at 300 K is a sum of the temperature independent term, which presumably arise from the presence of non-magnetic electrons in broad electronic bands, and a temperature dependent term, which arises from the electrons that give rise to the magnetism. The temperatureindependent term is seen to be essentially independent of composition and the susceptibility is dominated by the magnetic electrons, even at temperatures as high as 300 K for CaRuO3.
The fitting (χ= C/(T-θCW) +χ0 (where C is the Curie constant, T is temperature, θCW is the Curie Weiss temperature and χ0 is the temperature-independent contribution) to the data shown in b yields the effective moment (µeff = √(8C)) and Curie-Weiss temperature as a function of Ca content, plotted in Figure 16 . The results indicate a linearly decreasing Curie-Weiss temperature when the Ca content in the Sr1-xCaxRuO3 solid solution increases, consistent with many previous studies [30] , [32] , [45] , [31] , [46] , [47] , [48] . The sign of the Curie-Weiss theta changes from positive to negative between x=0.5 and 0.6, nominally reflecting the shift from dominantly ferromagnetic to dominantly antiferromagnetic interactions in the solid solution. Also, the fits show that the effective magnetic moment per mole increases slightly on going from SrRuO3 to CaRuO3.
Comparison to the magnetic data presented in other studies shows that while our data are highly systematic, previous data are not universally so [29] , [30] .
Magnetism-structure correlations
The magnetism-structure correlations found in the current study are summarized in Finally, Figure 19 shows the magnetization as function of applied magnetic field for Sr1- Double magnetic hysteresis loops were clearly observed at x=0.3 and 0.4, and hints of the same behavior are seen for some nearby compositions. This unusual behavior was previously observed in this system [32] , including in SrRuO3 thin films [12] ; the underlying cause has not yet been determined. This phenomenon may or may not be intrinsic, and instead can be a result of the nanoscale structure of the material. Electron microscopy study revealed no nanoscale precipitates in this composition regime, although, in general, extended structural defects were observed that could result in the presence of different kinds of magnetic domain wall pinning and double hysteresis loops. An alternative justification for the double hysteresis loops could be competing interactions between ferromagnetism and anti-ferromagnetism or mixed magneto-crystalline and uniaxial anisotropies in these compounds [50] , [51] . How these loops, especially the double ones, are dependent on sample preparation will be of interest for future studies.
Conclusion
The average crystal structure of the Sr1-xCaxRuO3 solid solution, studied by synchrotron xray diffraction, is determined to be orthorhombic to high precision, supporting earlier studies. The local structure studied by the X-ray PDF method confirms that the average structure is a good description of the materials at longer distances. At shorter distances both SrRuO3 and CaRuO3 appears to be locally monoclinic due primarily to the displacements of the Sr and Ca from the centers of the perovskite cavities. In SrRuO3, Ru-O-Ru angles in the perovskite matrix formed by the corner-sharing RuO6 octahedra are closer to linear than the ones in CaRuO3 but nonetheless deviate significantly from an ideal 180 degree angle present in cubic perovskites. Thus our data support many previous studies showing that both SrRuO3 and CaRuO3 are not cubic perovskites, with the octahedral tilts being significantly larger in the latter material than the former material.
The peculiarities of the octahedral tilting in the solid solution make the material look nearly cubic in a small range of Ca contents near x=0.4, but this is an artifact because tilts remain present in the octahedral network. The fundamental magnetic characteristics of the system scale linearly with both the octahedral tilt angles and the unit cell volume. We imagine that either case is consistent with electronic structure calculations and previous models for the magnetism. Magnetically, the highest coercive fields and energy products are observed at the composition of the pseudocubic cell near x=0.4, but we have not done experiments that allow us to distinguish among the several potential origins for such behavior. High-resolution transmission electron microscopy (HRTEM) and scanning transmission electron microscopy (STEM) characterization show no nanoscale chemical inhomogeneities. Those studies do, however, show the presence of structural defects such as grain or twin boundaries that may be responsible for the observation of double hysteresis loops for some compositions. Further experimental study may involve even more local probes, presumably at the single atom level, of the structure in the solid solution. Also of interest would be high resolution neutron diffraction studies to best quantify the positions of the oxygen atoms within the unit cells. We intentionally do not over-interpret the data obtained, but rather provide it as a basis for future experimental and theoretical study. 
